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(57) ABSTRACT

A method of forming a titanium nitride (TiN) diffusion bar-
rier includes exposing a deposition surface to a first pulse of
a titanium-containing precursor and to a first pulse of a nitro-
gen-rich plasma to form a first TiN layer with a first nitrogen
concentration making a lower portion of the TiN diffusion
barrier, the first nitrogen concentration of the first TiN layer is
increased by the first pulse of the nitrogen-rich plasma reduc-
ing a reactivity of the lower portion of the TiN diffusion
barrier to prevent fluorine diffusion. The first TiN layer is
exposed to second pulses of the titanium-containing precur-
sor and the nitrogen-rich plasma to form a second TiN layer
with a second nitrogen concentration above the first TiN layer
making an upper portion of the TiN diffusion barrier, the first
pulse of the nitrogen-rich plasma has a substantially longer
duration than the second pulse of the nitrogen-rich plasma.

9 Claims, 9 Drawing Sheets
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FIG. 3

100




U.S. Patent Aug. 2, 2016 Sheet 4 of 9 US 9,406,554 B2

FIG. 4




US 9,406,554 B2

Sheet 5 of 9

Aug. 2, 2016

U.S. Patent

g OId

ALLLIIIEL I IIT I F IS

001



U.S. Patent Aug. 2, 2016 Sheet 6 of 9 US 9,406,554 B2

FIG. 6

32 46

100



U.S. Patent

Aug. 2, 2016

Sheet 7 of 9

US 9,406,554 B2

PREHEAT/PREPARE FOR DEPOSITION
20 SEC

402

TDMAT
2 SEC

404

PLASMA TRANSITION

406

PLASMA-N2
60 SEC

408

PREPARE FOR DEPOSITION

410

TDMAT
2 SEC

412

PLASMA TRANSITION

414

PLASMA
3 SEC

416

RECIPE PUMP OUT
418

FIG. 7




U.S. Patent Aug. 2, 2016 Sheet 8 of 9 US 9,406,554 B2

PREHEAT/PREPARE FOR DEPOSITION ’ 500
20 SEC
502
TOMAT
2 SEC
504
PLASMA TRANSITION PLASMA-N2
3 SEC
506 508
PREPARE FOR DEPOSITION
510
PLASMA TRANSITION PLASMA-N2
3 SEC
511 512
PLASMA TRANSITION PLASMA-N2
3 SEC
514 516
PREPARE FOR DEPOSITION
518
PLASMA TRANSITION PLASMA-N2
10 SEC
520 522

FIG. 8 ( REGIPEPUUT >




U.S. Patent Aug. 2, 2016 Sheet 9 of 9 US 9,406,554 B2

PREHEAT/PREPARE FOR DEPOSITION ’ 600
20 SEC
602
TDMAT
2 SEC
604
PLASMA TRANSITION PLASMA-N2
10 SEC
606 608
PREPARE FOR DEPOSITION
610
PLASMA TRANSITION PLASMA-N2
3 SEC
612 614
PLASMA TRANSITION PLASMA-N2
3 SEC
616 618
PREPARE FOR DEPOSITION
620
PLASMA TRANSITION PLASMA-NZ
3 SEC
622 624

C 0
FIG. 9 ( RE IP&P ut )




US 9,406,554 B2

1
DIFFUSION BARRIER LAYER FORMATION

BACKGROUND

The present invention generally relates to semiconductor
manufacturing and more particularly to a method of forming
atitanium nitride diffusion barrier layer in middle-of-the-line
(MOL) contacts.

In semiconductor technologies, tungsten (W) is typically
used as a middle-of-the-line (MOL) contact material mainly
because of its relatively low resistance, reduced stress, and
electro-migration properties. A MOL contact may be a con-
ductive stud working as an interface between contact areas of
an active semiconductor device (or integrated circuit), which
may be referred to as front-end-of-the-line (FEOL), and over-
lying interconnects structures, which may be referred to as
back-end-of-the-line (BEOL). MOL contacts may extend to
surfaces of contact areas of underlying semiconductor
devices. The contact areas of an active semiconductor device
may be made of, for example, a silicide material. MOL con-
tacts are usually formed in a layer of dielectric material
deposited on top of the active semiconductor device. A plu-
rality of trenches or openings may be formed in the layer of
dielectric material to form the MOL contacts.

SUMMARY

According to an embodiment of the present disclosure, a
method of forming a titanium nitride diffusion barrier may
include exposing a deposition surface to a first pulse of a
titanium-containing precursor gas to initiate a nucleation of
the titanium nitride diffusion barrier in the deposition surface,
the deposition surface may include sidewalls and a bottom of
a contact opening, exposing the deposition surface to a first
pulse of a nitrogen-rich plasma to form a first titanium nitride
layer with a first nitrogen concentration in the deposition
surface, the first titanium nitride layer may include a lower
portion of the titanium nitride diffusion barrier, the first nitro-
gen concentration of the first titanium nitride layer may be
substantially increased by the first pulse of the nitrogen-rich
plasma, the increased nitrogen concentration of the first tita-
nium nitride layer may lower a reactivity of the lower portion
of the titanium nitride diffusion barrier to prevent fluorine
diffusion, exposing the first titanium nitride layer to a second
pulse of the titanium-containing precursor gas to continue the
nucleation of the titanium nitride diffusion barrier, and expos-
ing the first titanium nitride layer to a second pulse of the
nitrogen-rich plasma to form a second titanium nitride layer
with a second nitrogen concentration directly above and in
contact with the first titanium nitride layer, the second tita-
nium nitride layer may include an upper portion of the tita-
nium nitride diffusion barrier, the first pulse of the nitrogen-
rich plasma may have a substantially longer duration than the
second pulse of the nitrogen rich plasma, the titanium nitride
diffusion barrier may include the first and the second titanium
nitride layers.

According to another embodiment of the present disclo-
sure, a method of forming a titanium nitride diffusion barrier
may include exposing a deposition surface to a pulse of a
titanium-containing precursor gas to initiate a nucleation of
the titanium nitride diffusion barrier in the deposition surface,
the deposition surface may include sidewalls and a bottom of
a contact opening, exposing the deposition surface to a first
pulse of a nitrogen-rich plasma to form a first titanium nitride
layer with a first nitrogen concentration in the deposition
surface, exposing the first titanium nitride layer to a second
pulse of the nitrogen-rich plasma to form a second titanium
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nitride layer with a second nitrogen concentration directly
above and in contact with the first titanium nitride layer,
exposing the second titanium nitride layer to a third pulse of
the nitrogen-rich plasma to form a third titanium nitride layer
with a third nitrogen concentration directly above and in
contact with the second titanium nitride layer, and exposing
the third titanium nitride layer to a fourth pulse of the nitro-
gen-rich plasma to form a fourth titanium nitride layer with a
fourth nitrogen concentration directly above and in contact
with the third titanium nitride layer. The first, second, third,
and fourth titanium nitride layers may form a multi-layer
titanium nitride diffusion barrier exhibiting gradually
decreasing levels of fluorine diffusivity, the fluorine diffusiv-
ity of the first, second, third, and fourth titanium nitride layers
may be inversely proportional to a duration of the first, sec-
ond, third, and fourth pulses of nitrogen-rich plasma and to a
nitrogen concentration of the first, second, third, and fourth
titanium nitride layers.

According to another embodiment of the present disclo-
sure, a method of forming a titanium nitride diffusion barrier
may include exposing a deposition surface to a pulse of a
titanium-containing precursor gas to initiate a nucleation of
the titanium nitride diffusion barrier in the deposition surface,
the deposition surface may include sidewalls and a bottom of
a contact opening, exposing the deposition surface to a first
pulse of a nitrogen-rich plasma to form a first titanium nitride
layer with a first nitrogen concentration in the deposition
surface, exposing the first titanium nitride layer to a second
pulse of the nitrogen-rich plasma to form a second titanium
nitride layer with a second nitrogen concentration directly
above and in contact with the first titanium nitride layer,
exposing the second titanium nitride layer to a third pulse of
the nitrogen-rich plasma to form a third titanium nitride layer
with a third nitrogen concentration directly above and in
contact with the second titanium nitride layer, and exposing
the third titanium nitride layer to a fourth pulse of the nitro-
gen-rich plasma to form a fourth titanium nitride layer with a
fourth nitrogen concentration directly above and in contact
with the third titanium nitride layer. The first, second, third,
and fourth titanium nitride layers may form a multi-layer
titanium nitride diffusion barrier exhibiting gradually
decreasing levels of fluorine diffusivity, the fluorine diffusiv-
ity, of the first, second, third, and fourth titanium nitride layers
may be inversely proportional to a duration of the first, sec-
ond, third, and fourth pulses of nitrogen-rich plasma and to a
nitrogen concentration of the first, second, third, and fourth
titanium nitride layers.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

The following detailed description, given by way of
example and not intended to limit the invention solely thereto,
will best be appreciated in conjunction with the accompany-
ing drawings, in which:

FIG. 1 is a cross-sectional view of a semiconductor struc-
ture, according to an embodiment of the present disclosure;

FIG. 2 is a cross-sectional view of the semiconductor struc-
ture depicting forming contact openings, according to an
embodiment of the present disclosure;

FIG. 3 is a cross-sectional view of the semiconductor struc-
ture depicting forming an oxygen-getter layer, according to
an embodiment of the present disclosure;

FIG. 4 is a cross-sectional view of the semiconductor struc-
ture depicting forming a diffusion barrier layer, according to
an embodiment of the present disclosure;
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FIG. 5 is a cross-sectional view of the semiconductor struc-
ture depicting forming a conductive layer, according to an
embodiment of the present disclosure;

FIG. 6 is a cross-sectional view of the semiconductor struc-
ture depicting conducting a planarization process, according
to an embodiment of the present disclosure;

FIG. 7 is a flow chart describing processing steps during an
atomic layer deposition process, according to an embodiment
of the present disclosure;

FIG. 8 is a flow chart describing processing steps during an
atomic layer deposition process, according to an embodiment
of the present disclosure; and

FIG. 9 is a flow chart describing processing steps during an
atomic layer deposition process, according to an embodiment
of the present disclosure.

The drawings are not necessarily to scale. The drawings are
merely schematic representations, not intended to portray
specific parameters of the invention. The drawings are
intended to depict only typical embodiments of the invention.
In the drawings, like numbering represents like elements.

DETAILED DESCRIPTION

Detailed embodiments of the claimed structures and meth-
ods are disclosed herein; however, it may be understood that
the disclosed embodiments are merely illustrative of the
claimed structures and methods that may be embodied in
various forms. This invention may, however, be embodied in
many different forms and should not be construed as limited
to the exemplary embodiments set forth herein. Rather, these
exemplary embodiments are provided so that this disclosure
will be thorough and complete and will fully convey the scope
of this invention to those skilled in the art.

In the following description, numerous specific details are
set forth, such as particular structures, components, materials,
dimensions, processing steps, and techniques, in order to
provide a thorough understanding of the present invention.
However, it will be appreciated by one of ordinary skill of the
art that the invention may be practiced without these specific
details. In other instances, well-known structures or process-
ing steps have not been described in detail in order to avoid
obscuring the invention. It will be understood that when an
element as a layer, region, or substrate is referred to as being
“on” or “over” another element, it may be directly on the other
element or intervening elements may also be present. In con-
trast, when an element is referred to as being “directly on” or
“directly over” another element, there are no intervening
elements present. It will also be understood that when an
element is referred to as being “beneath,” “below,” or “under”
another element, it may be directly beneath or under the other
element, or intervening elements may be present. In contrast,
when an element is referred to as being “directly beneath” or
“directly under” another element, there are no intervening
elements present.

In the interest of not obscuring the presentation of embodi-
ments of the present invention, in the following detailed
description, some processing steps or operations that are
known in the art may have been combined together for pre-
sentation and for illustration purposes and in some instances
may have not been described in detail. In other instances,
some processing steps or operations that are known in the art
may not be described at all. It should be understood that the
following description is rather focused on the distinctive fea-
tures or elements of various embodiments of the present
invention.

Tungsten (W) is the preferred material for forming middle-
of-the-line (MOL) contacts, mainly due to its low resistivity,
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remarkable conformality for tungsten hexafluoride-based
chemical vapor deposition processes and thermodynamic sta-
bility. Generally, forming an adhesion layer in the contact
trench may be necessary prior to tungsten deposition. The
adhesion layer is commonly a titanium nitride (TiN) layer.
This titanium nitride layer may also act as a barrier to stop
fluorine diffusion to an underlying titanium film. The under-
lying titanium film may be typically formed to scavenge
native oxide on the silicide contact for lower resistivity and
enhanced yield. One difficulty, however, with using tungsten
is that fluorine from a tungsten hexafluoride (WF ) precursor
used during tungsten deposition may diffuse across the tita-
nium nitride barrier distorting the profile of interconnect
structures as result of the unintended reaction between tita-
nium and fluorine that may form a titanium fluoride (TiF;)
compound. The formed titanium fluoride compound may
involve a lattice constant expansion that may create a severe
overhang of the contact trench. This may cause early pinch off
during tungsten deposition, proliferating the so called Hollow
CA defectivity. Hollow CA defectivity presents a particular
challenge due to yield reduction for 14 nm technology, as may
create pervasive M1 opens in back-end-of-the-line (BEOL)
levels.

Proposed solutions to the above problem in 20 nm and 14
nm technologies may include substantial (more than 60%)
thickening of the titanium nitride diffusion barrier. This may
impose a penalty in contact and lateral resistance that may
risk both the performance and yield of, for example, finFET
architectures as a result of parasitic resistance. Another pro-
posed solution to the above problem may be the use of fluo-
rine-free tungsten (FFW). FFW may enable resistance reduc-
tion by replacing titanium nitride with organometallic
tungsten nitride. Nevertheless, the adhesion of bulk tungsten
to FFW barrier may be compromised as result of chemical
mechanical polish (CMP) slurry corrosion and nucleation
delay for tungsten chemical vapor deposition (CVD).

Therefore, by incorporating a tunable nitrogen-rich plasma
pulse to control a nitrogen stoichiometry of a titanium nitride
film during an atomic layer deposition (ALD) process,
embodiments of the present disclosure may, among other
potential benefits, form an enhanced titanium nitride diffu-
sion barrier capable of preventing fluorine diffusion and low-
ering contact resistance, thereby decreasing hollow CA
defectivity in middle-of-the-line (MOL) contacts.

The present invention generally relates to semiconductor
manufacturing and more particularly to a method of forming
atitanium nitride diftusion barrier in MOL contacts. One way
to form the titanium nitride diffusion barrier may include
using several nitrogen-rich plasma pulses of different dura-
tion during an atomic layer deposition (ALD) process.
Embodiments by which to form the titanium nitride diffusion
barrier are described in detail below by referring to the
accompanying drawings in FIGS. 7-9.

Referring now to FIG. 1, a semiconductor structure 100
may be formed or provided, according to an embodiment of
the present disclosure. In the depicted embodiment, the semi-
conductor structure 100 may be, for example, a field effect
transistor (FET) device. However, the semiconductor struc-
ture 100 may also include other semiconductor devices such
as, for example, capacitors, diodes, bipolar transistors, BiC-
MOS devices, memory devices and the like.

The semiconductor structure 100 may be fabricated by any
semiconductor processing technique known in the art includ-
ing, but not limited to, deposition, lithography, etching, and
ion implantation techniques. The semiconductor structure
100 may be formed on a substrate 10. In this embodiment, the
substrate 10 may be a bulk semiconductor substrate which
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may be made from any of several known semiconductor
materials such as, for example, silicon, germanium, silicon-
germanium alloy, carbon-doped silicon, carbon-doped sili-
con-germanium alloy, and compound (e.g. III-V and II-VI)
semiconductor materials. Non-limiting examples of com-
pound semiconductor materials include gallium arsenide,
indium arsenide, and indium phosphide. In the depicted
embodiment, the substrate 10 may be made of silicon.

In other embodiments, the substrate 10 may be, for
example, a semiconductor-on-insulator (SOI) substrate,
where a buried insulator layer separates a base substrate from
a top semiconductor layer. The components of the semicon-
ductor structure 100, may then be formed in the top semicon-
ductor layer.

At this step of the manufacturing process, the semiconduc-
tor 100 may be completed with a gate dielectric 12, a gate
electrode 14, gate spacers 18, source-drain regions 16 and
contact areas 20. It should be understood by a person skilled
in the art that the semiconductor structure 100 may be fabri-
cated using either a replacement metal gate (RMG) or gate
last process flow, or a gate first process flow.

The gate dielectric 12 may include any suitable insulating
material such as, for example, oxide, nitride, oxynitride or
silicate including metal silicates and nitrided metal silicates.
In one embodiment, the gate dielectric 12 may include an
oxide such as, for example, SiO,, HO,, ZrO,, Al,O;, TiO,,
La,0;, SrTiO;, LaAlO;, and mixtures thereof. The gate
dielectric 12 may be formed by any suitable deposition tech-
nique known in the art, including chemical vapor deposition
(CVD), plasma-assisted CVD, atomic layer deposition
(ALD), evaporation, reactive sputtering, chemical solution
deposition or other like deposition processes. The physical
thickness of the gate dielectric 12 may vary, but typically may
have a thickness ranging from about 0.5 nm to about 10 nm.
More preferably the gate dielectric 12 may have a thickness
ranging from about 0.5 nm to about 3 nm.

The gate electrode 14 may be formed above the gate dielec-
tric 12. The gate electrode 14 may include, for example, Zr,
W, Ta, Hf, Ti, Al, Ru, Pa, metal oxide, metal carbide, metal
nitride, transition metal aluminides (e.g. Ti;Al, ZrAl), TaC,
TiC, TaMgC, and any combination of those materials. In one
embodiment, the gate electrode 14 may include tungsten (W).
The gate electrode 14 may be deposited by any suitable tech-
nique known in the art, for example by ALD, CVD, physical
vapor deposition (PVD), molecular beam deposition (MBD),
pulsed laser deposition (PL.D), or liquid source misted chemi-
cal deposition (LSMCD).

The gate spacers 18 may be formed on opposite sidewalls
of the gate electrode 14. The gate spacers 18 may be made
from an insulator material such as an oxide, nitride, oxyni-
tride, silicon carbon oxynitride, silicon boron oxynitride,
low-k dielectric, or any combination thereof. In one embodi-
ment, the gate spacers 18 may be made from a nitride and may
be formed by conventional deposition and etching tech-
niques. In various embodiments, the gate spacers 18 may
include one or more layers. It should be understood that while
the gate spacers 18 are herein described in the plural, the gate
spacers 18 may consist of a single spacer surrounding the gate
electrode 14.

The source-drain regions 16 may be formed in the substrate
10 adjacent to the gate spacers 18 on opposite sides of the gate
electrode 14. Numerous methods of forming source-drain
regions are known in the art, any of which may be used to
form the source-drain regions 16. In some embodiments, the
source-drain regions 16 may be formed by doping portions of
the substrate 10. In other embodiments, the source-drain
regions 16 may be formed by growing epitaxial semiconduc-

25

40

45

50

55

6

tor regions within trenches formed in the substrate 10 on
opposite sides of the gate electrode 14. The epitaxial semi-
conductor regions may extend above and/or below a top sur-
face of the substrate 10.

In the depicted embodiment, the semiconductor structure
100 may also include one or more contact areas 20 that may
be formed atop of the source-drain regions 16 and the gate
electrode 14. Contact areas 20 may include a silicide material
such as, for example, NiSi, CoSi,, TiSi, and WSix. The con-
tact areas 20 may be formed by any silicidation process
known in the art. In some embodiments, the contact areas 20
may not exist at this point of the manufacturing process.

Referring now to FIG. 2, a dielectric layer 22 may be
formed above the substrate 10, source-drain regions 16 and
gate electrode 14, according to an embodiment of the present
disclosure. The dielectric layer 22 may include any dielectric
material including, for example, silicon oxide, silicon nitride,
hydrogenated silicon carbon oxide, silicon based low-k
dielectrics, flowable oxides, porous dielectrics, or organic
dielectrics including porous organic dielectrics and may be
formed by any deposition method known in the art, for
example, by CVD of the dielectric material.

A plurality of openings 24 (hereinafter “contact openings™)
may be patterned and formed in the dielectric layer 22. The
contact openings 24 may extend through the dielectric layer
22 exposing a top surface of the contact areas 20. In embodi-
ments in which the contact areas 20 have not been formed,
etching of the contact openings 24 may expose top surfaces of
the source-drain regions 16 and a top surface of the gate
electrode 14. The contact openings 24 may be formed in the
dielectric layer 22 by any etching technique known in the art,
such as, for example, reactive-ion-etching (RIE). The contact
openings 24 may be substantially vertical or may a tapered
profile as depicted in FIG. 2.

At this step of the manufacturing process, the exposed top
surface of the contact areas 20 as well as sidewalls of the
contact openings 24 may be subjected to a treatment process
which may be capable of removing any surface oxide or etch
residue that may be present thereon. In one embodiment,
argon (Ar) sputtering and/or contacting with a chemical
etchant may be used to remove any surface oxide or etch
residue from the contact areas 20. It should be noted that
although widening of the contact openings 24 may occur
during this step, it may be negligible and may not affect
device performance.

Referring now to FIG. 3, an oxygen-getter layer 32 may be
conformally deposited in the contact openings 24, according
to an embodiment of the present disclosure. The oxygen-
getter layer 32 may scavenge native oxide on the contact areas
20 for lower contact resistivity and enhanced yield. The oxy-
gen-getter layer 32 may substantially cover a perimeter of the
contact openings 24. More specifically, the oxygen-getter
layer 32 may substantially cover a sidewall and a bottom of
the contact openings 24. The oxygen-getter layer 32 may also
cover upper surfaces of the dielectric layer 22 as depicted.
The oxygen-getter layer 32 may form an interface between
the bottom of the contact openings 24 and the contact areas 20
of the semiconductor structure 100. The oxygen-getter layer
32 may include titanium (Ti), tungsten (W), tantalum (Ta), or
any other material that has a high affinity for oxygen. In a
preferred embodiment, the oxygen-getter layer 32 may be
formed by physical vapor deposition (PVD) of a titanium
film. The thickness of the oxygen-getter layer 32 may vary
depending on the conducted deposition process as well as the
material used. In some embodiments, the oxygen-getter layer
32 may have a thickness ranging from approximately 2 nm to
approximately 40 nm. It should be noted that although the
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oxygen-getter layer 32 is depicted in the figures as one layer,
it may be composed of several layers of materials exhibiting
high affinity for oxygen.

Referring now to FIG. 4, a diffusion barrier 46 may be
conformally deposited in the contact openings 24 above and
in direct contact with the oxygen-getter layer 32, according to
an embodiment of the present disclosure. The diffusion bar-
rier 46 may prevent fluorine diffusion from a tungsten
hexafluoride (WF ) precursor subsequently used during tung-
sten (W) deposition. In one embodiment, the diffusion barrier
46 may consist of a titanium nitride (TiN) film.

In current MOL contact formation techniques, the diffu-
sion barrier 46 may be deposited by atomic layer deposition
(ALD) of a titanium nitride film. Formation of the titanium
nitride film using ALD may include advantages over CVD or
PVD processes such as, for example, ultra-thin film growth,
thickness control, minimal impurity content, low process
temperature, conformal deposition, and thickness uniformity.
A self-limited mechanism may control surface reactions by
which the titanium nitride film may grow during the ALD
process. As a result, the growth rate of the titanium nitride
film forming the diffusion barrier 46 may depend on the
number of deposition cycles rather than the flow rate of reac-
tant gases and temperature conditions. A tetrakis-dimethyl-
amino-titanium (TDMAT) may typically be used as a tita-
nium precursor. The deposition process may generally
include alternating pulses of the TDMAT precursor gas and a
nitrogen-rich plasma vapor (used as nitrogen precursor) on a
deposition surface for subsequent chemisorption of the pre-
cursors. Chemisorption, a type of adsorption process, may
involve a chemical reaction between the deposition surface
(adsorbent) and the precursors (adsorbate) in which new
chemical bonds may be formed at the deposition surface, e.g.
the sidewalls and bottom of the contact openings 24.

Embodiments by which to form the diffusion barrier 46 are
described in detail below with reference to FIGS. 7, 8 and 9.

Referring now to FIG. 5, a tungsten layer 62 may be depos-
ited in the contact openings 24 (FIG. 4) to form middle-of-
the-line (MOL) contacts in the semiconductor structure 100,
according to an embodiment of the present disclosure. At this
step of the manufacturing process, the contact openings 24
(FIG. 4) may be lined by the oxygen-getter layer 32 and the
diffusion barrier 46. The tungsten layer 62 may be formed by
any deposition process known in the art, such as, for example,
CVD. The tungsten layer 62 may overfill the contact openings
24 (FIG. 4) as depicted in the figure. It should be noted that by
following any of the proposed ALD schemes described in
FIGS. 7, 8, and 9, a more robust diffusion barrier 46 may be
formed to substantially prevent fluorine atoms from the tung-
sten hexafluoride generally used as tungsten precursor during
formation of the tungsten layer 62 to diffuse across the diffu-
sion barrier 46.

Referring now to FIG. 6, a chemical mechanical polishing
(CMP) process may be conducted to planarized the tungsten
layer 62, eliminating the overfill regions shown in FIG. 5,
according to an embodiment of the present disclosure. The
portions of the oxygen-getter layer 32 and barrier layer 52
above the dielectric layer 22 may also be removed using, for
example, another CMP process. In some embodiments, dif-
ferent chemical slurries may be used during the same CMP
process in order to remove excess of the tungsten layer 62 as
well as the portions of the oxygen-getter layer 32 and barrier
layer 52 above the dielectric layer 22. The CMP process may
be conducted until a top surface of the tungsten layer 62 may
be substantially flush with a top surface of the dielectric layer
22.
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Referring now to FIG. 7, a flow chart 400 describing an
atomic layer deposition (ALD) scheme for forming the dif-
fusion barrier 46 (FIG. 4) is shown, according to an embodi-
ment of the present disclosure. In this embodiment, the ALD
process may begin at step 402 with a pre-heating step that
may prepare the deposition surface or substrate to react with
and chemisorb the TDMAT precursor gas introduced in the
reaction chamber at step 404. The deposition surface may
include sidewalls and bottom of the contact openings 24
(FI1G. 4). A first pulse of the TDMAT precursor gas at step 404
may have a duration of approximately 2 seconds. At the
plasma transition step 406, the reactor may be purged with an
inert gas such as argon or helium and may be follow by the
plasma step 408 where a first nitrogen-rich plasma pulse of
approximately 60 seconds may be released to the deposition
surface. It should be noted that a similar plasma transition
step may occur between each subsequent cycle of TDMAT
precursor gas and nitrogen-rich plasma pulse. This 60 second
first nitrogen-rich plasma pulse is longer than nitrogen-rich
plasma pulses used in typical ALD processes to intentionally
change the nitrogen stoichiometry of the diffusion barrier 46
(FIG. 4). More specifically, the longer the duration of the
pulse the higher the nitrogen concentration in the diffusion
barrier 46 (FIG. 4) will be. Longer nitrogen-rich plasma
pulses are not typical in the art because they may generally be
associated to high resistivity titanium nitride films.

A pulse may represent a relatively brief fluid discharge
released onto the deposition surface. More specifically, a
pulse may include a relatively short and timed injection inter-
val of the TDMAT precursor gas (e.g., 404, 412) and a rela-
tively short and timed injection interval of the nitrogen-rich
plasma (e.g., 408, 416) onto the deposition surface during a
determined deposition cycle. One deposition cycle may con-
sist of a preheating step to prepare the surface or substrate for
deposition (e.g., 402, 410), followed by a pulse of the
TDMAT precursor (e.g., 404, 412) and a plasma transition
step (e.g., 406, 414) conducted prior to releasing a pulse of the
nitrogen-rich plasma (e.g., 408, 416). The duration of each
pulse may also be referred to as a length of the pulse.

After the first nitrogen-rich plasma pulse at step 408, a
preparation for deposition step 410, substantially similar to
the preparation step 402, may be conducted. Next, a second
TDMAT precursor gas pulse may be introduced into the reac-
tor at step 412 and released onto the deposition surface.
According to the present embodiment, the duration of the
second TDMAT precursor gas pulse at step 412 may be sub-
stantially similar to the duration of the TDMAT precursor
pulse at step 404 (approximately 2 seconds). Subsequently, a
plasma transition step 414, substantially similar to the plasma
transition step 406, may be conducted prior to the injection of
a second nitrogen-rich plasma pulse at step 416. The second
pulse of nitrogen-rich plasma pulse at step 416 may be of
approximately 5 seconds. It should be noted that, in this
embodiment, the first and second TDMAT precursor gas
pulses at steps 404 and 412 may have the same duration or
length while the nitrogen-rich plasma pulse at step 408 may
have a substantially longer duration than the nitrogen-rich
plasma pulse at step 416. The ALD process may end with the
recipe pump out step 418.

The longer duration (e.g. 60 seconds) of the first nitrogen-
rich plasma pulse at step 408 may substantially alter the
nitrogen (N,) stoichiometry in the titanium (Ti)/titanium
nitride (TiN) interface by modifying the nucleation and den-
sification of the titanium nitride film forming the diffusion
barrier 46 (FIG. 4). The resulting diffusion barrier 46 (FI1G. 4)
may exhibit a reduced reactivity to fluorine owing to the
increased nitrogen concentration which may in turn substan-
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tially prevent fluorine diffusion and possibly eliminate hol-
low CA defectivity in MOL contacts. In addition, by increas-
ing the duration of the nitrogen-rich plasma pulse at step 408,
nucleation and density of the titanium nitride film may be
enhanced enabling fewer deposition cycles and forming a
more robust diffusion barrier 46 (FIG. 4) exhibiting substan-
tially lower reactivity to fluorine.

It should be noted that steps 404, 408 and 412, 416 may
each represent a single pulse, and that the number and dura-
tion of the pulses is directly related to the resulting thickness
of'the deposited titanium nitride film. Typical ALD processes
may include approximately 2-15 pulses of the TDMAT pre-
cursor gas and approximately 2-15 pulses of the nitrogen-rich
plasma of equal duration or length to secure uniformity of the
film. The amount of pulses may depend on the desire thick-
ness of the titanium nitride film. However, the densitying
effect of the longer nitrogen-rich pulse at step 408 may allow
for a more robust diffusion barrier 46 (FIG. 4) formed in fewer
deposition cycles and with a reduced thickness which may in
turn decrease contact resistance.

Also, organic residues that may be generally present in
plasma-based ALD TiN processes may be substantially
removed by increasing the duration of the first nitrogen-rich
plasma pulse, removing the organic residues may further
reduce the risk of forming amorphous titanium nitride films
which may negatively impact the efficiency of the diffusion
barrier 46 (F1G. 4). Furthermore, ALD TiN films may usually
include oxygen in their composition as a result of the expo-
sure of the films to ambient air. The increased length of the
first nitrogen-rich plasma pulse at step 408 may also help
tuning the oxidation of the film since it increases the density
of the titanium nitride film and the higher the density, the
lower the oxidation of the titanium nitride film forming the
diffusion barrier 46 (FIG. 4).

Referring now to FIG. 8, a flow chart 500 describing an
atomic layer deposition scheme for forming the diffusion
barrier 46 (FIG. 4) is shown, according to an embodiment of
the present disclosure. The present ALD scheme may differ
from the one described in FIG. 7 since it may include only one
pulse of the TDMAT precursor gas and numerous pulses of
the nitrogen-rich plasma. Numerous pulses of the nitrogen
rich plasma may not be typical in the art since they may
generally be associated to non-uniformity of the titanium
nitride film forming the diffusion barrier 46 (FI1G. 4).

In this embodiment, the ALD process may begin at step
502 with a pre-heating step that may prepare the deposition
surface or substrate to react with and chemisorb the TDMAT
precursor gas introduced in the reaction chamber at step 504.
In this embodiment, a single pulse of the TDMAT precursor
gas may be introduced in the reaction chamber at step 504
having a duration of approximately 2 seconds. Then, at the
plasma transition step 506, the reactor may be purged with an
inert gas such as argon or helium, as described above, and
may be followed by the plasma step 508 where a first nitro-
gen-rich plasma pulse of approximately 3 seconds may be
applied to the deposition surface. It should be noted that
between each cycle of nitrogen-rich plasma injection, a
plasma transition step may take place to purge the reactor in
preparation for deposition.

The process may continue with a preparation for deposi-
tion step 510 substantially similar to the preparation step 502.
Then a plasma transition step 511, substantially similar to the
plasma transition step 506, may be conducted. After the
plasma transition step 511, a second nitrogen-rich plasma
pulse may be injected at step 512 for approximately 5 sec-
onds. The second nitrogen-rich plasma pulse at step 512 may
be followed by another plasma transition at step 514 to purge
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the reactor. At step 516, a third pulse of nitrogen-rich plasma
may be injected into the reactor for approximately 5 seconds.
The process may continue with a preparation for deposition
step 518 substantially similar to the preparation steps 502,
510. Then, a plasma transition step 520, substantially similar
to the plasma transition steps 506, 511, 514, may take place.
After step 520, a fourth pulse of nitrogen-rich plasma of
approximately 10 seconds may be applied to the deposition
surface at step 522. It should be noted that, in this embodi-
ment, only one pulse of TDMAT precursor gas may be intro-
duced into the reaction chamber as opposed to several pulses
of TDMAT precursor gas. The process may end with the
recipe pump out step 524.

In this embodiment, by applying a plurality of nitrogen-
rich plasma pulses of different duration or different lengths at
steps 508, 512, 516, and 522 the resistivity of the titanium
nitride film forming the diffusion barrier 46 (FIG. 4) may be
controlled simultaneously with its barrier properties. More
specifically, the nitrogen-rich plasma pulses of increasing
duration at steps 508, 512, 512, and 522 may provide a tita-
nium nitride film with controlled nitrogen stoichiometry and
reduced thickness in which the reactivity to fluorine may be
inversely proportional to the duration of the pulses. As a
result, a multi-layer diffusion barrier consisting of several
layers of gradually decreasing levels of fluorine reactivity
may be formed in the contact openings 24 (FIG. 4). Stated
differently, the first nitrogen-rich plasma pulse of 3 seconds
may form a sub-layer of high fluorine diffusivity, the second
and third nitrogen-rich plasma pulses of 5 seconds may form
another sub-layer of medium fluorine diffusivity, and the
fourth nitrogen-rich plasma pulse of 10 seconds may form
another sub-layer of the diffusion barrier 46 (FIG. 4) exhib-
iting low fluorine diffusivity. According to this embodiment,
the high-medium-low diffusivity approach may reduce the
resistivity of the titanium nitride film for performance
improvement in the first deposition cycles (lower nitrogen
concentration) while gradually increasing the duration of the
nitrogen-rich plasma pulses to minimize fluorine diffusion
(higher nitrogen concentration). In general, the longer the
pulse, the resulting titanium nitride diftusion barrier 46 (FI1G.
4) will be more resistant to reacting with fluorine owing to the
increased nitrogen concentration.

As described above, by controlling the nitrogen stoichiom-
etry in the Ti/TiN interface nucleation and densification of the
titanium nitride film may be modified, allowing the formation
of a substantially robust diffusion barrier 46 (FIG. 4) in fewer
deposition cycles which may in turn reduce thickness while
preventing fluorine diffusion.

Referring now to FIG. 9, a flow chart 600 describing an
atomic layer deposition scheme for forming the diffusion
barrier 46 (FIG. 4) is shown, according to an embodiment of
the present disclosure. The present ALD scheme may differ
from the one described in FIG. 7 since it may include only one
pulse of the TDMAT precursor gas and numerous pulses of
the nitrogen-rich plasma. Numerous pulses of the nitrogen
rich plasma may not be typical in the art since they may
generally be associated to non-uniformity of the titanium
nitride film forming the diffusion barrier 46 (FIG. 4).

In this embodiment, the ALD process may begin at step
602 with a pre-heating step that may prepare the deposition
surface or substrate to react with and chemisorb the TDMAT
precursor gas introduced in the reaction chamber at step 604.
In this embodiment, a single pulse of the TDMAT precursor
gas may be introduced in the reaction chamber at step 604
having a duration of approximately 2 seconds. Then, at the
plasma transition step 606, the reactor may be purged with an
inert gas such as argon or helium, as described above, and
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may be followed by the plasma step 608 where a first nitro-
gen-rich plasma pulse of approximately 10 seconds may be
applied to the deposition surface. It should be noted that
between each cycle of nitrogen-rich plasma injection, a
plasma transition step may take place to purge the reactor in
preparation for deposition.

The process may continue with a preparation for deposi-
tion step 610 substantially similar to the preparation step 602.
Then a plasma transition step 612, substantially similar to the
plasma transition step 606, may be conducted. After the
plasma transition step 612, a second nitrogen-rich plasma
pulse may be injected at step 614 for approximately 5 sec-
onds. The second nitrogen-rich plasma pulse at step 614 may
be followed by another plasma transition at step 616 to purge
the reactor. At step 618, a third pulse of nitrogen-rich plasma
may be injected into the reactor for approximately 5 seconds.
The process may continue with a preparation for deposition
step 620 substantially similar to the preparation steps 602,
610. Then, a plasma transition step 622, substantially similar
to the plasma transition steps 606, 612, 616, may take place.
After step 622, a fourth pulse of nitrogen-rich plasma of
approximately 3 seconds may be applied to the deposition
surface at step 624. It should be noted that, in this embodi-
ment, only one pulse of TDMAT precursor gas may be intro-
duced into the reaction chamber as opposed to several pulses
of TDMAT precursor gas. The process may end with the
recipe pump out step 626.

In this embodiment, by applying a plurality of nitrogen-
rich plasma pulses of different duration or different lengths at
steps 608, 614, 618, and 624 the resistivity of the titanium
nitride film forming the diffusion barrier 46 (FIG. 4) may be
controlled simultaneously with its barrier properties. More
specifically, the nitrogen-rich plasma pulses of decreasing
duration at steps 608, 614, 618, and 624 may provide a tita-
nium nitride film with controlled nitrogen stoichiometry and
reduced thickness in which the reactivity to fluorine may be
inversely proportional to the duration of the pulses. As a
result, a multi-layer diffusion barrier consisting of several
layers of gradually increasing levels of fluorine reactivity
may be formed in the contact openings 24 (FIG. 4). Stated
differently, the first nitrogen-rich plasma pulse of 10 seconds
may form a sub-layer of low fluorine diffusivity, the second
and third nitrogen-rich plasma pulses of 5 seconds may form
another sub-layer of medium fluorine diffusivity, and the
fourth nitrogen-rich plasma pulse of 3 seconds may form
another sub-layer of the diffusion barrier 46 (FIG. 4) exhib-
iting high fluorine diffusivity. According to this embodiment,
the low-medium-high diffusivity approach may increase the
nitrogen concentration of the TiN film in the first deposition
cycles to reduce fluorine diffusivity while the resistivity of the
titanium nitride film is decreased in the last deposition cycles
for performance improvement. In general, the longer the
pulse, the resulting titanium nitride diftusion barrier 46 (FIG.
4) will be more resistant to reacting with fluorine owing to the
increased nitrogen concentration.

As described above, by controlling the nitrogen stoichiom-
etry in the Ti/TiN interface nucleation and densification of the
titanium nitride film may be modified, allowing the formation
of a substantially robust diffusion barrier 46 (FIG. 4) in fewer
deposition cycles which may in turn reduce thickness while
preventing fluorine diffusion.

The experimental conditions described in FIGS. 7, 8 and 9
may ensure the deposition of a dense titanium nitride barrier
film, with a constant thickness increase in each deposition
cycle. The self-limiting growth mechanism of the ALD pro-
cess may enable the formation of conformal thin films with
precise thickness on large areas and high aspect ratio features.
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A titanium nitride diffusion barrier (e.g. diffusion barrier
46 in FI1G. 4) deposited following a traditional ALD scheme
may have a thickness varying from approximately 2 nm to
approximately 5 nm and may effectively prevent fluorine
diffusion only after a substantial thickness (approximately a
>60% increase from a 2 nm thickness) has been reached. This
may impose a penalty in contact and lateral resistance that
may negatively affect both the performance and yield of a
semiconductor device as a result of parasitic resistance. Addi-
tionally, massive hollow CA defectivity has been observed in
MOL contacts when a traditional ALD deposition scheme is
applied.

Conversely, experimental results have shown a reduction
of approximately 30% in overall thickness of the diffusion
barrier 46 (FIG. 4) when any of the ALD schemes proposed in
FIGS. 7, 8 and 9 are applied. Furthermore, the alternate
schemes described above with reference to FIGS. 7, 8 and 9
may allow a reduction of approximately 5% to approximately
10% in contact vertical resistance owing to the decrease in
thickness which may also enable a reduction of approxi-
mately 10% to approximately 15% in wire resistance as more
volume fraction of tungsten may be allowed during MOL
contact formation.

Therefore, by applying nitrogen-rich plasma pulses of dif-
ferent durations, the nitrogen stoichiometry of a titanium
nitride film may be controlled during an atomic layer depo-
sition (ALD) process forming an enhanced titanium nitride
diffusion barrier capable of preventing fluorine diffusion
while lowering contact resistance. Also, the thickness of the
titanium nitride diffusion barrier may be reduced due to the
fewer deposition cycles required to achieve the enhanced
(higher density and increased nitrogen concentration) prop-
erties in the deposited titanium nitride film. The reduction in
fluorine diffusion may effectively decrease hollow CA defec-
tivity in middle-of-the-line (MOL) contacts.

The duration or length of the nitrogen-rich plasma pulses
may be tuned in order to modify the nitrogen stoichiometry of
the ALD TiN film. An enhanced nitrogen content in a gradient
fashion of a subset of the ALD pulses may serve to reduce the
overall thickness of the titanium nitride diffusion barrier
while fluorine diffusion may be concurrently contained. The
single-pulsed scheme in FIG. 7 may enhance TiN nucleation
and density, enabling the formation of a more robust diffusion
barrier with substantially lower resistivity in fewer deposition
cycles. The high-medium-low diffusivity approach described
in FIG. 8 may reduce the resistivity of the titanium nitride film
for performance improvement in the first deposition cycles
and increase gradually the duration of the nitrogen-rich
plasma pulses to minimize fluorine diffusion. The opposite
may occur in the low-medium-high diffusivity configuration
described in FIG. 9 in which the nitrogen concentration of the
TiN film is increased in the first deposition cycles to reduce
fluorine diffusivity while the resistivity of the titanium nitride
film is decreased in the last deposition cycles for performance
improvement.

The descriptions of the various embodiments ofthe present
invention have been presented for purposes of illustration, but
are not intended to be exhaustive or limited to the embodi-
ments disclosed. Many modifications and variations will be
apparent to those of ordinary skill in the art without departing
from the scope and spirit of the described embodiments. The
terminology used herein was chosen to best explain the prin-
ciples of the embodiment, the practical application or techni-
cal improvement over technologies found in the marketplace,
orto enable others of ordinary skill in the art to understand the
embodiments disclosed herein.
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What is claimed is:
1. A method of forming a titanium nitride diffusion barrier,
the method comprising:
exposing a deposition surface to a pulse of a titanium-
containing precursor gas to initiate a nucleation of the
titanium nitride diffusion barrier in the deposition sur-
face, wherein the deposition surface comprises side-
walls and a bottom of a contact opening;
exposing the deposition surface to a first pulse of a nitro-
gen-rich plasma to form a first titanium nitride layer with
a first nitrogen concentration in the deposition surface;

exposing the first titanium nitride layer to a second pulse of
the nitrogen-rich plasma to form a second titanium
nitride layer with a second nitrogen concentration
directly above and in contact with the first titanium
nitride layer;

exposing the second titanium nitride layer to a third pulse

of the nitrogen-rich plasma to form a third titanium
nitride layer with a third nitrogen concentration directly
above and in contact with the second titanium nitride
layer; and

exposing the third titanium nitride layer to a fourth pulse of

the nitrogen-rich plasma to form a fourth titanium
nitride layer with a fourth nitrogen concentration
directly above and in contact with the third titanium
nitride layer,

wherein the first, second, third, and fourth titanium nitride

layers form a multi-layer titanium nitride diffusion bar-
rier exhibiting gradually decreasing levels of fluorine
diffusivity, the fluorine diffusivity of the first, second,
third, and fourth titanium nitride layers is inversely pro-
portional to a duration of the first, second, third, and
fourth pulses of nitrogen-rich plasma and to a nitrogen
concentration of the first, second, third, and fourth tita-
nium nitride layers; and

wherein the first, second, third, and fourth pulses have

gradually increasing durations of approximately 3 sec-
onds, 5 seconds, 5 seconds, and 10 seconds, respec-
tively.

2. The method of claim 1, wherein the first, second, third,
and fourth pulses comprise a relatively short and timed injec-
tion interval of the nitrogen-rich plasma.

3. The method of claim 1, wherein the pulse of the tita-
nium-containing precursor gas have a duration of approxi-
mately 2 seconds.

4. The method of claim 1, wherein the first, second, third,
and fourth pulses of the nitrogen-rich plasma causes nucle-
ation and densification of the titanium nitride diffusion bar-
rier to gradually increase to control a reactivity between fluo-
rine and titanium during the last deposition cycles to prevent
fluorine diffusion, and allows the formation of a thinner tita-
nium nitride diffusion barrier for decreasing vertical resis-
tance.

5. The method of claim 4, wherein causing the nucleation
and densification of the titanium nitride diffusion barrier to
gradually increase reduces the amount of deposition cycles
required to form the titanium nitride diffusion barrier, and
causes oxidation of the titanium nitride diffusion barrier to
decrease.
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6. The method of claim 1, further comprising:

purging the reaction chamber with an inert gas before each
of the first, second, third, and fourth pulses of the nitro-
gen-rich plasma.
7. A method of forming a titanium nitride diffusion barrier,
the method comprising:
exposing a deposition surface to a pulse of a titanium-
containing precursor gas to initiate a nucleation of the
titanium nitride diffusion barrier in the deposition sur-
face, wherein the deposition surface comprises side-
walls and a bottom of a contact opening;
exposing the deposition surface to a first pulse of a nitro-
gen-rich plasma to form a first titanium nitride layer with
a first nitrogen concentration in the deposition surface;

exposing the first titanium nitride layer to a second pulse of
the nitrogen-rich plasma to form a second titanium
nitride layer with a second nitrogen concentration
directly above and in contact with the first titanium
nitride layer;

exposing the second titanium nitride layer to a third pulse

of the nitrogen-rich plasma to form a third titanium
nitride layer with a third nitrogen concentration directly
above and in contact with the second titanium nitride
layer; and

exposing the third titanium nitride layer to a fourth pulse of

the nitrogen-rich plasma to form a fourth titanium
nitride layer with a fourth nitrogen concentration
directly above and in contact with the third titanium
nitride layer,

wherein the first, second, third, and fourth titanium nitride

layers form a multi-layer titanium nitride diffusion bar-
rier exhibiting gradually decreasing levels of fluorine
diffusivity, the fluorine diffusivity, of the first, second,
third, and fourth titanium nitride layers is inversely pro-
portional to a duration of the first, second, third, and
fourth pulses of nitrogen-rich plasma and to a nitrogen
concentration of the first, second, third, and fourth tita-
nium nitride layers; and

wherein the first, second, third, and fourth pulses of the

nitrogen-rich plasma have a gradually decreasing dura-
tion of approximately 10 seconds, 5 seconds, 5 seconds,
and 3 seconds, respectively.

8. The method of claim 7, wherein the first, second, third
and fourth pulses of the nitrogen-rich plasma causes nucle-
ation and densification of the titanium nitride diffusion bar-
rier to gradually decrease to control the reactivity between
fluorine and titanium during the first deposition cycles to
prevent fluorine diffusion, and allows the formation of a thin-
ner titanium nitride diffusion barrier for decreasing vertical
resistance.

9. The method of claim 8, wherein causing nucleation and
densification of the titanium nitride diffusion barrier to gradu-
ally decrease reduces the amount of deposition cycles
required to form the titanium nitride diffusion barrier, and
causes oxidation of the titanium nitride diffusion barrier to
decrease.



